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The activating E2f transcription factors (E2f1, E2f2 and E2f3) induce transcription and are widely viewed as essential positive cell cycle regulators. Indeed, they drive cells out of quiescence, and the 'cancer cell cycle' in Rb1 null cells is E2f-dependent 1,2 . Absence of activating E2fs in flies or mammalian fibroblasts causes cell cycle arrest 3, 4 , but this block is alleviated by removing repressive E2f or the tumour suppressor p53, respectively [5] [6] [7] . Thus, whether activating E2fs are indispensable for normal division is an area of debate 1 . Activating E2fs are also well known pro-apoptotic factors, providing a defence against oncogenesis 8 , yet E2f1 can limit irradiation-induced apoptosis 9, 10 . In flies this occurs through repression of hid (also called Wrinkled; Smac/Diablo in mammals). However, in mammals the mechanism is unclear because Smac/Diablo is induced, not repressed, by E2f1
11
, and in keratinocytes survival is promoted indirectly through induction of DNA repair targets 12 . Thus, a direct pro-survival function for E2f1-3 and/or its relevance beyond irradiation has not been established. To address E2f1-3 function in normal cells in vivo we focused on the mouse retina, which is a relatively simple central nervous system component that can be manipulated genetically without compromising viability and has provided considerable insight into development and cancer 2, 13 . Here we show that unlike fibroblasts, E2f1-3 null retinal progenitor cells or activated Müller glia can divide. We attribute this effect to functional interchangeability with Mycn. However, loss of activating E2fs caused downregulation of the p53 deacetylase Sirt1, p53 hyperacetylation and elevated apoptosis, establishing a novel E2f-Sirt1-p53 survival axis in vivo. Thus, activating E2fs are not universally required for normal mammalian cell division, but have an unexpected pro-survival role in development.
During retinal development, a thin neuroblastic layer of progenitors undergoes extensive expansion from mouse embryonic day 11 (E11) to approximately postnatal day 8 (P8), generating post-mitotic differentiating cells that develop into the six major retinal neurons and Müller glia. To study E2f1-3 function during retinal progenitor expansion, floxed E2f3 mice were crossed with E2f1 2/2
, E2f2
2/2 and a-Cre (which deletes E2f3 in peripheral retinal progenitors at E10 14 ) mice. We then assessed Ki67 to mark all dividing cells, or phosphohistone H3 (PH3) and 5-bromodeoxyuridine (BrdU) incorporation to mark mitosis and S phase, respectively ( Fig. 1 and Supplementary  Fig. 1a ). Some reduction was detected in the E2f1 2/2 retina, but the E2f2
E2f3
2/2 double knockout retina was unaffected, and E2f2 or E2f3 loss did not affect E2f1 2/2 progenitors (Fig. 1a, b and data not shown). At least one activating E2f is essential for fibroblast division 4 , so we expected a drastic phenotype in the E2f1 2/2 E2f2
triple knockout retina where E2f3 is deleted before progenitor expansion. Broad Cre-IRES-GFP transgene expression, as well as analysis of DNA, messenger RNA and protein at various time points, all demonstrated robust E2f3 excision ( Supplementary Fig. 1 ), yet remarkably we observed many triple knockout Ki67 1 and PH3 1 cells at both E14 and P0 (Fig. 1a, b) . The effect was slightly more pronounced at P0 than E14, and is discussed later. At E14 and E17 BrdU labelling was weaker in triple knockout versus wild-type progenitors but many BrdU 1 cells were obvious at higher magnification, suggesting continued, albeit slower, division ( Supplementary Fig. 1a ). At E14 and P0 cell cycle distribution was the same in wild-type, E2f1 2/2 or triple knockout retinas ( Supplementary Fig. 2 ), suggesting lengthening of all phases. Surprisingly, therefore, although activating E2fs contribute to progenitor expansion, robust division continues in their absence. E2f1 is essential to drive abnormal division of Rb1-deficient differentiating retinal neurons 14 , highlighting the distinct role for activating E2fs in normal versus cancer cell cycles in the same tissue.
Mature neurons never divide, but retinal damage triggers reactive gliosis and Müller glia mitosis. We damaged retinas either genetically using homozygous rd1 (also called Pde6b
2/2
), causing photoreceptor degeneration, or by means of intravitreal toxin injection. GFAP induction and p27
Kip1 and cyclin D3 downregulation, hallmarks of reactive gliosis 15 , were observed independent of E2f1-3 ( Supplementary Fig. 3a , b and data not shown). Furthermore, the proportion of dividing BrdU
1

/CRALBP
1 Müller nuclei in the inner nuclear layer was identical in control or triple knockout toxin-treated retina ( Supplementary Fig. 3c, d ). Thus, both progenitors and mature glia proliferate without activating E2fs. Some E2f targets (for example, cyclins/Mcm3/Tk1) were downregulated in E2f1
E2f2
2/2 E2f3 2/2 triple knockout progenitors (Fig. 2a) , and we wondered if reduction of repressive E2fs (E2f4-8) might explain continued division. However, whereas E2f7 and E2f8 mRNA levels were slightly down in the triple knockout retina, E2f4-6 levels were unaffected at E14, E2f5 and E2f6 were induced at P0 (Fig. 2a) . Triple knockout fibroblasts arrest as a result of p53 induction of Cdkn1a, which encodes the cyclin-dependent kinase (Cdk) inhibitor p21
Cip1 (refs 4, 5) . Notably, expression of Cdkn1a and the related Cdkn1c (p57 Kip2 ) were reduced in triple knockout retina (Fig. 2b) . Myc (previously c-Myc) represses the Cdkn1a promoter in vitro 16 and its overexpression bypasses arrest caused by inhibiting E2f 17, 18 . Because E2f inhibition in these studies targeted all E2fs, it is unclear if Myc overrides loss of activating E2fs alone. Whether physiological Myc levels can compensate for E2f1-3 in vivo is also unknown. Notably, Mycn and Mycl1 levels were higher than Myc in E14 retina, but the reverse applied in fibroblasts (Fig. 2c ). E2f1-3 loss reduced Myc levels in fibroblasts, but had no effect on Myc family expression in retinal progenitors (Fig. 2c) . To test Mycn function, the floxed (f) locus was introduced into the triple knockout background and recombination confirmed ( Supplementary Fig. 4 ). Deleting
Mycn alone, or even with E2f2/3, did not affect proliferation or survival (Figs 1a, b and 3a-c and data not shown; see also Supplementary Discussion on eye size). In contrast, progenitor division was markedly reduced in the E2f1
Mycn
2/2 quadruple knockout peripheral retina with 12-fold or 67-fold fewer Ki67 1 cells than wildtype retina at E14 and P0, respectively, and the neuroblastic layer was very thin (Fig. 1a) . PH3 and BrdU analyses confirmed this dramatic effect (Fig. 1a, b , and data not shown). To address cell autonomy in Mycn/E2f1-3 redundancy, Cre retrovirus co-expressing green fluorescent protein (GFP) ( Supplementary Fig. 5 Fig. 6 ). Analysis of E2f target gene expression revealed that a subset of E2f targets that were reduced by E2f1-3 loss at E14 was further reduced in the E2f1
Mycn 2/2 retina, and a larger subset unaffected by E2f1-3 loss was downregulated in the E14 E2f1 Fig. 7 and Supplementary Discussion). Notably, whereas Cdkn1a and Cdkn1c Arbitrary units
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Myc Mycn Mycl1 were 
E2f3
2/2 progenitors cell autonomously and maintains E2f target expression while repressing Cdk inhibitors.
Because E2f1-3 are non-essential for division, we considered other roles. Activating E2fs are pro-apoptotic 19 , but at E14 and E17 E2f1-3 loss did not affect low background apoptosis, yet remarkably, apoptosis was elevated in postnatal E2f1
2/2 retina, and could be suppressed by any single activating E2f (Fig. 3a-c and Supplementary Fig. 8 ). By P8, when progenitor division has ended, apoptosis was normal ( Supplementary Fig. 8a-c) . Labelling with TdT-mediated dUTP nick end labelling (TUNEL) and BrdU showed that apoptotic E2f1
2/2 cells were progenitors (Supplementary Fig. 9 ). This phenotype may explain the greater reduction in progenitors at P0 versus E14 (Fig. 1a, b) . Thus, activating E2fs have an unexpected pro-survival role during retinal development.
In flies, E2f1 protects some irradiated cells by repressing proapoptotic hid 9 , but in the E2f1
E2f3 2/2 retina the mammalian equivalents Smac/Diablo and Omi/Htra2 were downregulated (Fig. 3d) (Fig. 3d-g ). We introduced the floxed p53 locus (Trp53
f/f background, confirmed recombination ( Supplementary Fig. 10 ) and found that whereas there was no difference in Ki67 progenitors at E14 or P0 (Fig. 1a, b , and data not shown), apoptosis was suppressed in E2f1
Trp53 2/2 P0 progenitors (Fig. 3a-c 
Mycn
2/2 P0 retina had fewer total apoptotic cells (Fig. 3a-c) , this was due to fewer retinal progenitors; thus, the proportion of apoptotic (TUNEL 1 (Supplementary Fig. 11) Supplementary Fig. 7) . Thus, unlike in fibroblasts 4 , progenitors; the Aspp inhibitor, Iaspp (also called Ppp1r13l), was unaffected (Fig. 3d) . p19 Arf stabilizes p53 by inhibiting Mdm2, and E2f3 loss de-represses p19
WT TKO
Arf transcription in fibroblasts 22 , but we observed less p19
Arf mRNA and protein in triple knockout progenitors (Fig. 3d,  g ). E2f1-3 loss did not affect Trp53 mRNA, and total p53 protein levels were increased only ,1.5-fold in E2f1
E2f3
2/2 retina (Fig. 3d, g ), thus the 13-fold increase in immunoreactivity may reflect epitope exposure (Fig. 3e, f) , perhaps through posttranslational modification 23 . E2f1-3 loss did not induce p53 phosphorylation (data not shown) but increased acetylation considerably (Fig. 3g) . Acetylation is essential for p53 activity 24 , is mediated by Tip60, Pcaf and Cbp/p300 and is reversed by Hdacs and Sirt1 23 . Notably, Sirt1, Sirt2, Sirt3, Hdac1 and Hdac3 mRNA was reduced in triple knockout retina, as were protein levels of Sirt1 and Hdac1 (Fig. 3d, g ). Hdac1 and Hdac3 downregulation was greater at P0 than at E14, correlating with p53 immunodetection at P0 (Fig. 3d-f ). Sirt1 is a direct E2f1 target 25 , but whether other activating E2fs sustain its expression is unknown, and a functional E2f-Sirt1-p53 axis has not been established. Electroporating Cre plasmid into E2f1
f/f P0 retinas induced apoptosis, but strikingly concomitant Sirt1 expression blocked cell death (Fig. 4a, b) . Moreover, treatment of pregnant dams from E16 with the Sirt1 agonist resveratrol blocked .70% of E2f1
2/2 progenitor apoptosis at P0, and this correlated with p53 deacetylation and blockade of p53-dependent Noxa induction, without affecting p19 Arf ( Supplementary Fig. 12 ). Just as p53 loss did not influence division (Fig. 1a, b) , resveratrol did not alter cyclin levels or proliferation ( Supplementary Figs 12d and 13 ). In summary, activating E2fs interchangeably induce Sirt1 to block p53 acetylation and apoptosis. High levels of E2f have long been known to activate p53 (ref. 8) and our findings now connect low E2f to p53 activation, but through an entirely distinct mechanism (Fig. 4c) .
Activating E2fs are critical for division in flies and mammalian fibroblasts, where they counteract repressive E2f or p53, respectively [3] [4] [5] [6] [7] .
We provide the first in vivo evidence that E2f1-3 are not indispensable in every context. Mycn drives E2f-independent division, maintaining expression of E2f targets and preventing p53-mediated Cdkn1a induction. In vitro overexpression studies suggested that Myc overcomes E2f repression 17, 18 but did not reveal whether normal Myc levels substitute for activating E2fs in vivo. Our genetic strategies reveal that physiological levels compensate for the activating E2fs cell autonomously. Other studies highlight redundancy among related cell cycle regulators 26 . Our results indicate redundancy between unrelated cell cycle regulators.
We also describe an unexpected pro-survival activity for E2f1-3 in vivo. Loss of any two was harmless, but removing all three impaired progenitor survival. Thus, activating E2fs have interchangeable prosurvival roles-not only E2f1 and not only in irradiated cells 9, 10, 12 . We define the first direct mechanism linking activating E2fs to mammalian cell survival through Sirt1 and p53. E2f1-3 redundantly regulates other deacetylases (Fig. 3d) , which may also inhibit p53. Integrating the Sirt1-p53 and Mycn data exposes a network that coordinates progenitor proliferation and survival (Fig. 4d) . The novel E2f-Sirt-p53 axis could also promote survival in p53
1 tumour cells. Irrespective, its importance for survival in normal cells underscores the need for care in applying E2f inhibitors to treat human disease.
METHODS SUMMARY
For reactive gliosis 1.0 ml of 2 mM domoic acid and 7 mM ouabain plus 1 mM BrdU was injected into the eyes of P16 ketamine/xylazine anaesthetized mice 15 . For resveratrol, timed pregnant female mice were injected daily with 4 mg kg 21 of body weight (catalogue number 60512A, AKSci) or 0.1% DMSO intraperitoneally from E16. Virus injection and electroporation were as described 27 . Fixation, antibody labelling, TUNEL and quantification of sections, or dissociation and quantification of cells, and RNA and protein analysis were essentially as described 14, 28 . The PALM microlaser system was used for laser capture microdissection (LCM) following the manufacturer's recommendations. For flow cytometry E2f3 f/f and E2f1
2/2
E2f2 2/2 E2f3 f/f fibroblasts were infected with MXIE or MXIRE-Cre retrovirus. E14 retinas were dissected and dissociated. GFP 1 cells were sorted using a FACSAria (Becton Dickinson). For cell cycle analysis, cells were fixed in ice-cold 80% ethanol, counterstained with propidium iodide and analysed with a BD FACSCalibur system. Data were collected using CELLFIT software. 
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METHODS
Mice, genotyping and resveratrol injection. Mice were treated according to institutional and national guidelines. a-Cre (P. Gruss) 30 , ROSA26R (Jackson Laboratories) 31 Immunofluorescence. Eyes were fixed in 4% paraformaldehyde for 1 h at 4 uC, embedded in OCT (TissueTek 4583), frozen on dry ice and cut into 12 mm sections on Superfrost slides. BrdU (100 mg g 21 body weight) was injected intraperitoneally into mice 2 h before they were killed. BrdU 1 cells were detected using a biotin-conjugated sheep polyclonal antibody (1:500, Maine Biotechnology Services). Other antibodies were CRALBP (J. Saari), cyclin D3 (Santa Cruz, SC-6283), E2f3 (Upstate, 05-551), GFP (Molecular Probe, A11122), GFAP (Sigma, G9269), Ki67 (BD Biosciences Pharmingen, 550609), Ki67 (Neomarkers, RM-9106S), p27
Kip1 (Santa Cruz, SC-528), Trp53 (NCL-p53-CM5p; Novocastra) and phospho-histone H3 (Upstate Biotechnology, 06-570). TUNEL and antigen retrieval was performed as described 14 . For double labelling of BrdU and other markers, sections were first stained for the other marker, and fixed again with 70% ethanol/10% acetic acid for 5 min. Sections were washed, treated with 2 N HCl, and stained for BrdU. Primary antibodies were visualized using goat anti-mouse Alexa-488 or Alexa-568, goat anti-rabbit Alexa-488 or Alexa-568, donkey anti-goat Alexa-568, Streptavidin Alexa-488 or Alexa-568 (1:1,000; Molecular Probes) and Streptavidin-HRP-DAB. Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; Sigma). Labelled cells were visualized using a Zeiss Axioplan-2 microscope with Plan Neofluar objectives and images captured with a Zeiss AxionCam camera. For doublelabelled samples, confocal images were obtained with a Zeiss LSM 5.0 Laser Scanning microscope. For quantification of stained sections, the retina was separated into bins 28 . Measurements were performed with Axiovison software. Quantification used horizontal sections containing the optic nerve. At least three sections per eye and three eyes from different litters were counted. Statistical analysis used the Student's t-test. P values are based on two-sided hypothesis testing. Reactive gliosis. 1.0 ml of 2 mM domoic acid and 7 mM ouabain plus 1 mM BrdU was injected into the eyes of ketamine/xylazine anaesthetized P16 mice 15 . Laser capture microdissection. Retinal cells were dissected from 12 mm sections using the PALM microlaser system, catapulted into 10 ml buffer (1 mM EDTA; 20 mM Tris (pH 8)) containing 2 mg ml 21 proteinase K, incubated at 55 uC overnight, and proteinase K inactivated at 99 uC for 10 min. 5 ml was used for PCR. Flow cytometry. E2f3 f/f and E2f1 2/2 E2f2 2/2 E2f3 f/f mouse fibroblasts were infected with MXIE or MXIRE-Cre retrovirus. E14 retinas were dissected and dissociated. GFP 1 cells were sorted using a FACSAria (Becton Dickinson). For cell cycle analysis, cells were fixed in ice-cold 80% ethanol, counterstained with propidium iodide and analysed with a BD FACSCalibur system. Data were collected using CELLFIT software. RT-PCR and western blotting. Total RNA from fibroblast cells, peripheral retina or GFP-sorted cells was prepared using the RNeasy Mini kit (Qiagen), and treated with DNA-free (Ambion) according to the manufacturer's instructions. First-strand cDNA was synthesized from 0.2-0.5 mg using SuperScript II (Invitrogen); primers are listed in Supplementary Table 1. An Applied Biosystems PRISM 7900HT and SYBR Green PCR master mix was used for real-time PCR. Tests were run in duplicate on three biological samples. Values were normalized to b-actin.
For western blots, peripheral mouse retinas were homogenized with a 30 gauge needle 5-10 times in 13 cell lysis buffer (Cell Signaling) with 0.1 mM PMSF, 1 mg ml 21 aprotinin, 1 mg ml 21 leupeptin, 2 mM NaN 3 , 10 mM trichostatin A and 5 mM niacinamide. Proteins were separated by 12% SDS-PAGE, transferred to nitrocellulose and analysed by Li-Cor system (Lincoln) with antibodies against p53 (NCL-p53-CM5p; Novocastra), acetylated p53 (ab61241; Abcam), phosphorylated p53 (9286S; Cell Signaling), Sirt1 (07-131; Upstate), p21
Cip1 (M-19; Santa Cruz), p19
Arf (NB200-106; Novus Biologicals), Noxa (IMG451; Imgenex), HDAC1 (H-51; Santa Cruz), HDAC3 (H-99; Santa Cruz) and b-actin (A5441, Sigma). Retroviral injection and in vivo electroporation. Cre recombinase cDNA (L. van Parijs) was cloned into the BglII site of MXIE and retrovirus generated in Phoenix-eco cells as described 27 . Recombinase activity was confirmed in ROSA26R mice (Supplementary Fig. 5 ) and by PCR of LCM-dissected single cells (M.P. and R.B., unpublished data). P0 pups were anaesthetized on ice. 2 ml retrovirus was injected into the subretinal space of right (MXIE) or left eye (MXIE-Cre) through a small limbal incision. P21 retinas were stained for GFP. Note that if an E2f1
E2f3
2/2 progenitor dies after introduction of Cre at P0, then by definition it will not generate any post-mitotic cells and thus will not generate a clone that can be counted at P21. Only the E2f1
2/2
E2f2
2/2
E2f3
2/2 progenitors that survive contribute to clones that are counted at P21. It is impossible to estimate accurately using this assay the fraction of progenitors that die because the number of clones will vary depending on technical variance associated with injection technique. This assay measures the number of cells per clone rather than the number of clones. That is, it measures the ability of surviving progenitors to divide (clone size), and not the degree of progenitor survival.
For electroporation, 1 ml of DNA (1-4 mg ml
21
) was injected into the subretinal space of P0 pups using a Hamilton syringe, and square electric pulses (80 V; five 50-ms with 950-ms intervals) applied with tweezer-type electrodes (CUY21 EDIT Electroporator). Selection of E2f targets. E2f targets for qRT-PCR analysis were selected from primary papers and reviews, focusing mainly on chromatin immunoprecipitation studies 11, 21, 22, 25, [35] [36] [37] [38] [39] [40] [41] . Their interaction with and/or regulation by Myc family proteins (summarized in Supplementary Fig. 7 ) was then based on surveying both the literature [42] [43] [44] [45] and a database of .1,600 Myc targets (http://www. myc-cancer-gene.org/) 46 .
